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The binding of nucleotides to pig heart nucleoside-diphosphate kinase was studied using Rose Bengal as 
an optical probe. ATP, in the absence of Mg 2+ binds slowly to the enzyme, with a second order rate con- , 
stant of about 3000 M-W’, whereas in its presence the binding is much faster. This finding suggests the 
regulation of the nucleoside-diphosphate kinase activity by uncomplexed ATP, and that ATP binds normal- 
ly to the enzyme via a metal ion bridge. 
Nucleoside-diphosphate kinase Rose Bengal 
Conformational change 
Substrate binding 
A TP-Mg2+ complex 
Metal ion bridge 
1. INTRODUCTION 
The nucleoside-diphosphate (NDP) kinases 
from various origins show remarkably uniform 
properties, which suggest a highly conservative 
evolution [ 1,2]. The mechanism is ping-pong, and 
in all cases studied the phosphate group was tran- 
siently bound by covalent linkage to a histidine 
side chain [ 1,3]. This enzyme is a very active one, 
the value of k,,t/K,,, being about 10’ M-r - s-l, i.e. 
in the class of diffusion-controlled enzyme reac- 
tion rates [4]. 
Here we used the dye Rose Bengal as an optical 
probe with the aim to elucidate the binding pattern 
of substrates to NDP kinase. This approach allows 
one to obtain information on the equilibrium as 
well as on the kinetics of the binding by competi- 
tion of the dye with the substrates. 
2. MATERIALS AND METHODS 
3.1. Equilibrium studies 
The nucleotides were obtained from Boehringer, Rose Bengal was a useful probe for NDP kinase 
Mannheim. NDP kinase was purified from pig since the difference between the spectra of the dye 
hearts by affinity chromatography on Blue in the presence and absence of the enzyme had an 
Sepharose as described [5]. The molar enzyme con- isosbestic point, which indicated a single mode of 
centration was expressed as subunit concentration 
assuming an A4, of 17000 and A#&, equal to 12.6 
binding. The Afm~ had the large value of 50 + 
2 mM-‘*cm-’ at 560 nm. Moreover, this value 
[6]. The ratio &se/&e was always 1.70 + 0.02, 
which indicates no tightly bound nucleotides. Rose 
Bengal was purified by preparative thin-layer 
chromatography on silica gel plates with 2-butanol 
as eluent. The concentration of the dye was 
calculated using an absorption coefficient of 
95 mM_’ . cm-’ at 545 nm [7]. The buffer used in 
this study was 20 mM sodium phosphate (pH 6.9) 
containing 1 .O mM EDTA. Difference absorption 
spectra and difference absorbances at fixed 
wavelengths were obtained using a Specord UV- 
VIS recording spectrophotometer (Zeiss, Jena, 
GDR). The temperature was kept constant at 
25°C. By titration of the dye with a large molar ex- 
cess of enzyme and extrapolation to infinite en- 
zyme concentration, the difference absorption 
coefficient was obtained. 
3. RESULTS 
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was not changed by the presence of ADP or ATP. 
This means that the variation in the measured AA 
by adding nucleotides was due to the displacement 
of the bound dye and not to a variation of the de. 
By Scatchard analysis it was shown that one dye 
molecule bound per enzyme subunit, with a Kd of 
0.8-1.3 ,uM. To ascertain if the dye bound to the 
active site, competition experiments with 
nucleotides were performed (fig.1). By adding 
ADP to the enzyme-dye complex there was a 
decrease in the difference absorbance. By quan- 
titative analysis it was found that ADP bound to 
the enzyme weakly (& = 200-400 PM) in a com- 
petitive mode. AMP bound poorly to the enzyme. 
ATP at fairly low concentrations produced a sharp 
decrease in the bound dye concentration by about 
50%, but the increase in the ATP concentration up 
to several millimolar failed to decrease this value 
further. A similar picture was obtained when using 
excess enzyme over the dye, which excluded a 
[ADP] or [AMP] (mM) 
0.0 
~ 
1 I 
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Fig.1. Effect of nucleotides on the binding of Rose 
Bengal to NDP kinase. The reference cell contained 
20,uM Rose Bengal, whereas the sample cell contained 
20,~M dye, 4.63 pM NDP kinase, and the indicated 
concentration of ATP (=), ADP (0), AMP (o), 93 /tM 
ATP + ADP (o), and 93 PM ATP + AMP (A); final 
volume, 1.0 ml; 0.5 cm optical path. 
cooperative effect of the two ligands. The 
behaviour of ATP was typical for noncompetitive 
binding. Its binding to the enzyme produced the 
displacement of the dye by decreasing its affinity 
for the enzyme-ATP complex, and not by direct 
competition. It seems therefore that ADP and 
ATP bound to separate sites. This was further sug- 
gested by the effect of ADP in the presence of 
ATP. A detailed analysis in support to this view 
will be reported elsewhere. 
3.2. Kinetic studies 
A further difference between the behaviour of 
ADP and ATP as competitors with the dye was the 
rate of the decrease of the difference absorbance 
when the nucleotide was added to the enzyme-dye 
complex. In the former case the equilibrium was 
attained within the mixing time (1 s or less), 
whereas in the latter case several minutes were 
necessary in order to obtain a stable reading of the 
difference absorbance. A very similar picture was 
previously obtained using Cibacron blue 3G-A as 
an optical probe [6]. The decrease in the difference 
absorbance followed a first order law. The 
measured rate constant was proportional to the 
concentration of ATP despite the large molar ex- 
cess of ATP over the dye. Therefore the rate- 
limiting step was not the dissociation of the dye 
from its complex with the enzyme [8]. Since the 
treatment of consecutive reversible reactions is 
complicated and sometimes ambiguous, we chose a 
new experimental set-up, which allowed a clear 
distinction between the binding patterns by simple 
inspection. As shown in fig.2, instead of adding 
the nucleotide to the enzyme-dye complex, the en- 
zyme was added to the nucleotide-dye mixture. It 
was noted that the difference absorbance quickly 
approached the value obtained in the absence of 
nucleotide, and slowly decreased to the 
equilibrium value. The measured first order rate 
constant of the slow reaction was equal irrespective 
of the order of mixing of the reagents, which in- 
dicated that the rate-limiting event was the same. 
If, however, the dye was added to the enzyme-ATP 
complex, the difference absorbance attained 
equilibrium within the mixing time. These results 
suggest hat ATP bound to the enzyme much more 
slowly than Rose Bengal, so that in the early phase 
of the reaction the dye bound just as much as in the 
absence of ATP. At longer reaction times, some of 
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Fig.2. Kinetics of change in the difference absorbance 
upon addition of NDP kinase to a Rose Bengal-ATP 
mixture. Both cells contained 20 CM dye and ATP at the 
final concentration 0.0 (trace l), 61 (trace 2), 91.3 (trace 
3), 122 (trace 4), 243 (trace S), and 550pM ATP plus 
6 mM MgCl2 (trace 6); final volume, 1.8 ml; 1.0 cm 
optical path. At zero time NDP kinase at a final 
concentration of 3.5 /IM was added to the sample cell 
and rapidly mixed. 
the dye dissociated from the complex due to the 
reduced affinity of the dye for the enzyme-ATP 
The decrease of the difference absorbance 
complex. 
followed a first order kinetics (fig.3). The 
measured rate constant Gpp was proportional to 
the concentration of ATP, and the slope of the 
plot was proportional to the reciprocal of the dye 
concentration. This suggests that under this par- 
ticular set of conditions the measured first order 
rate constant (Gpp) describing the dissociation 
kinetics by the effect of a competitor [8] reduced 
to: 
@PP = kA[Al 
Kd[Dl 
(1) 
where k~ represents the second order rate constant 
of the binding reaction of ATP to the enzyme and 
Kd denotes the dissociation constant of the 
enzyme-dye complex. k~ was found to be equal to 
3000 and 3300 M-r es-’ (two experiments), i.e. 
103-104-times smaller than a typical rate constant 
[9]. This is indicative of a conformational change 
induced by ATP. When the experiments were per- 
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Fig.3. Semilog plot of the data taken from traces 2-5 
from fig.2 (respectively, O,( n and II). Inset: plot of 
the apparent first order rate constant /dpp vs the 
concentration of ATP. The concentration of Rose 
Bengal was 10 pM (0) and 20 pM (A). 
formed in the presence of Mg’+, only a rapid reac- 
tion was noted, which indicates rapid binding of 
Similar results were obtained with GTP, 
therefore the triphosphate chain is responsible for 
the differential behaviour in the presence and 
MgATP to NDP kinase. 
absence of Mg’+. 
4. DISCUSSION 
Several lines of evidence suggest that NDP 
kinase exists in two or more conformations, with 
possible relevance for the catalysis [l,lO]. The 
above kinetic evidence is particularly important 
because free ATP is not only a potent inhibitor, 
but also because of the slow binding to NDP 
kinase, the enzyme would have hysteretic proper- 
ties which may severely impair the catalytic effi- 
ciency. Probably several of the previous steady- 
state kinetic experiments hould be revised, par- 
ticularly when Mg2+ was not in large excess. This 
finding also suggests a way of regulation of NDP 
kinase activity in the living cell, by strong inhibi- 
tion with free ATP. This type of regulation may be 
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significantly related to the discontinuous synthesis 
of DNA. 
141 
The results presented demonstrate the very 
stringent requirement of NDP kinase for the cor- 
rect conformation of the triphosphate chain. The 
differential effect of ATP in the presence and 
absence of Mg’+ strongly suggests that ATP binds 
to NDP kinase via a metal ion bridge for catalysis. 
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